Background Impairment of gastric digestion due to pH elevation increases the risk for food allergy induction. As patients after Roux-en-Y gastric bypass (RYGB) surgery have lower gastric acidity and less gastric gland secretion, we aimed to analyse in a prospective study the effect of limiting gastric digestion capacity by surgical intervention on the immune response towards allergens. Methods Nine patients undergoing RYGB surgery for morbid obesity and one control patient having undergone surgery for treatment of an incisional hernia were enrolled in the study. Before and 1, 3, 6, 9 and 12 months after surgery, blood was collected for analysis of specific IgE antibodies, and patients were subjected to skin prick testing with 16 food and 18 aeroallergens.
Introduction
Globally, there are more than 1 billion overweight adults, at least 500 million of them obese [1] . Once considered a problem only in high-income countries, overweight and obesity are now dramatically on the rise in low-and middle-income countries, particularly in urban settings [2] . Overweight and obesity are major risk factors for a number of chronic diseases, including diabetes, sleep apnoea, cardiovascular diseases, hypertension, stroke and certain forms of cancer. Obesity is defined as a body mass index (BMI; weight in kg/(height in metres) 2 ) ≥30 kg/m 2 , in an overall classification in which the healthy range of weight is a BMI between 18.5 and 24.9 kg/ m 2 . Roux-en-Y gastric bypass (RYGB) is a type of procedure performed on people who are dangerously obese, for the purpose of losing weight. Following the general criteria for eligibility for bariatric surgery, only patients with morbid obesity, which is defined with a BMI ≥40 kg/m 2 , might be considered surgical candidates. Patients with less severe obesity (BMI ≥35 kg/m 2 ) might be included in surgery if they have comorbid conditions such as cardiopulmonary problems, e.g. severe sleep apnoea or obesity-related cardiomyopathy, or type 2 diabetes mellitus. The weight loss by bariatric surgery is usually achieved by reducing the size of the stomach with an implanted medical device (gastric banding) or through removal of a portion of the stomach (sleeve gastrectomy or biliopancreatic diversion with duodenal switch) or by resecting and re-routing the small intestines to a small stomach pouch, which is also termed gastric bypass surgery. In the late 1970s, the gastric bypass was developed on the basis of information gathered from gastrectomy procedures and then modified to a RYGB anastomosis. In RYGB, the upper part of the stomach is transected; thus, a very small proximal gastric pouch, measuring 15-25 mL, is created. The gastric pouch is anastomosed to a Roux-en-Y proximal jejunal segment, bypassing the remaining stomach, duodenum and a small portion of jejunum. The standard Roux (alimentary) limb length is ∼50-150 cm, and the biliopancreatic limb is 15-50 cm. As a result, the RYGB limits food intake and induces some nutrient malabsorption [3] . Currently, most bariatric procedures are performed laparoscopically [4] . This surgical approach has the advantages of fewer wound complications, less postoperative pain, briefer hospital stay and faster postoperative recovery with comparable efficacy [5] [6] [7] .
With regards to its physiological function, a massive impairment of the gastrointestinal tract's digestive capacity can be expected after RYGB operations. Taking protein digestion as an example, the activation of the major gastric protease pepsin as well as the secretion of the pancreatic proteases depends on the gastric acidity. Hydrochlorid acid, however, is produced by the parietal cells located in the gastric glands of the fundic area [8] . After RYGB operation, only parts of the gastric cardia region remain present with major impact on the entire physiologic function of the stomach. It is well recognised that gastric bypass surgery is associated with inadequate gastric gland secretions as indicated by significantly reduced luminal intrinsic factor, which is produced by the hydrochlorid acid secreting parietal cells [9] . Furthermore, lower levels of postprandial acidity were reported for RYGB patients compared to normal individuals or GERD patients [10] . Interestingly, intake of acid suppression medication was found to decrease after bariatric surgery. RYGB was recently even described as the most efficient procedure to reduce the usage of these pharmaceuticals as compared to before surgery [11] . Thus, gastric hypoacidity might be the result with effect on gastric as well as pancreatic protease activation [12] . It is known that metabolic complications involving macro-and micronutrient deficiencies are common amongst patients who undergo restrictive-malabsorptive surgical procedures like RYGB [13] [14] [15] [16] . Therefore, early identification, routine prophylactic macro-and micronutrient supplementation and appropriate treatment are critically important in the successful management of the bariatric patient. Nevertheless, interference with the digestive function of the gastrointestinal tract might also have an additional influence on the protective role of gastrointestinal digestion on sensitisation via the oral route. We have previously reported that interference with the gastric digestion represents a major risk not only for the development of food allergies but also in situations when IgE is already present due to a reduced amount of tolerated food allergens [17] .
Therefore, in the present study, we aimed to analyse the impact of surgical elimination of the gastric digestion on sensitisation via the oral route.
Materials and Methods

Study Population and Patient Selection Criteria
All patients between 18 and 70 years, who underwent RYGB for morbid obesity (BMI > 40), as well as sex-and agematched surgical control patients, who underwent incisional hernia repair at the Department of Surgery of the Medical University of Vienna, were investigated for eligibility to be included in this study. Patients treated with anti-ulcer drugs (sucralfate, H2 receptor blockers or proton pump inhibitors) prior to the study and control patients who received these drugs for longer than the perioperative period (i.e. 2 weeks after surgery), were excluded from the study. Furthermore, patients with a clinical history of IgE-mediated allergic diseases were not included in the study. The study protocol was approved by the ethics committee of the Medical University Vienna (number: 261/2006), and written informed consent was obtained from all individual participants included in the study.
Based on these stringent criteria, 9 RYGB patients and 1 control patient were included in the allergological evaluation and the clinical follow-up for 12 months during the patient recruitment period February to October 2007 (Table 1) . During this period, nearly 90 patients underwent RYGB for morbid obesity at the Department of Surgery of the Medical University of Vienna. The first patient was included on February 19, 2007 . The last allergological screening of a RYGB patient was performed on September 29, 2008 . To enable further recruitment of control patients, we extended the patient recruitment period until end of 2009; however, no further patients were included either because of the above mentioned stringent inclusion criteria or due to patients' refusal to participate.
Surgical Procedures and Postoperative Care
In all 9 RYGB patients, the surgical procedure was performed according to the standard procedure of RYGB operations ( Fig. 1 ). This method works by combining both restrictive and malabsorptive elements. The restrictive part can be achieved by stapling the stomach into two sections. The top section becomes a small pouch (15-25 mL) limiting the amount of food intake. The malabsorptive part is achieved by surgically dividing the small intestine. The lower part of the intestine is pulled up to directly connect to the small pouch (gastro-jejunostomy). The other end of this divided intestine is surgically sewn back at a specific point (100-150 cm) further down the small intestine (jejuno-jejunostomy). After an uneventful postoperative course, all included patients started oral nutrition on the second postoperative day. All patients were discharged from the hospital after 5 days of postoperative care.
The control patient underwent open hernia repair with the implantation of a mesh prothesis in a sublay technique, which is the standard treatment for incisional hernias larger than 5 cm in diameter at our institution. After dissection and resection of the hernial sac, the synthetic prothesis was placed extraperitoneally over the dorsal sheath of the rectus fascia and below the body of the rectus muscle. The bodies of the rectus muscles were adapted loosely, and the ventral sheath of the rectus fascia was closed thereafter. Postoperatively, the patient resumed oral feeding on the first postoperative day and was discharged from the hospital after removal of the wound drainage tubes 2-3 days after surgery.
Allergological Evaluation
Allergological evaluations of study and control patients were scheduled preoperatively and 1, 3, 6, 9 and 12 months after surgery. At each of the time-points the patients were available, blood was withdrawn for evaluation of allergen-specific IgE and serum cytokine levels, and skin testing was performed. Allergen-specific IgE antibodies in patients' sera were measured in enzyme linked immunosorbent assay (ELISA). Standard series of 18 inhalant (birch, ash tree, grass, rye, plantain, ragweed, mugwort, Candida albicans, Alternaria alternata, Cladosporium sp., house dust mite, storage mite, dog, horse, guinea pig, cat and two latex extracts) and 16 food allergens (egg white, egg yolk, codfish, soy, milk, pea, peanut, hazelnut, orange, walnut, tomato, celery, wheat, rye, carrot, potato) were tested. Microtiter plates were coated with 100 μl skin prick test substances diluted 1:20 in coating buffer (50 mM NaHCO 3 , pH 9.6) over night at 4°C. For determination of IgE serum concentration also, a 2-fold serial dilution of a human IgE standard (Alpha Diagnostic Intl. Inc., San Antonio, USA) was included. After repeated washing cycles, unspecific binding was blocked by a 2 h incubation with Tris-buffered saline containing 0.05 % TWEEN 20 (TBST) and 1 % bovine serum albumin (BSA). Sera were diluted 1:5 in TBST containing 0.1 % BSA and incubated overnight at 4°C. Plates were washed and incubated for 2 h using HRP-labelled goat anti human IgE (KPL Gaithersburg, MD, USA) diluted 1:1000 in TBST containing 0.1 % BSA. Detection was performed using 100 μl/well BD OptEIA TMB Substrate Reagent Set (BD Bioscience, San Jose, USA) according to the manufacturer's instruction. The reaction was stopped after 2 min using 1.8 M H 2 SO 4 , and absorption was measured at 405 and 650 nm. Serum IgE concentrations were calculated by comparison to the standard curve.
Skin prick tests were performed with the above-mentioned 16 food and 18 inhalant allergen extracts (ALK-Abello, Horsholm, Denmark) according to the position paper of the European Academy of Allergology and Clinical Immunology, where a diameter greater than 3 mm was defined as positive (+) [18] . Each patient was accurately interviewed for any clinical symptoms due to food hypersensitivity (e.g. skin rash, urticaria, angioedema, gastrointestinal symptoms, hypotension, rhinitis, itching).
Circulating IL-4 and IFN-γ in the patients' sera was determined by commercial ELISA using monoclonal antibodies against human IL-4 and IFN-γ (Bioscience, San Diego, CA). The assays were performed following the manufacturer's instructions. In short, microtiter plates were coated with the respective capture antibody and incubated overnight at 4°C. After washing, the plates were blocked with assay diluent for 1 h. Serum samples and standard dilutions were incubated overnight at 4°C. Next, the detection antibody was applied for 1 h followed by Avidin-HRP for 30 min. The colour reaction was developed with TMB and stopped after approximately 15 min. Plates were measured at 450-570 nm. Cytokine concentrations were calculated according to the standard curve. Detection sensitivity for IFN-γ was 4 pg/mL and 2 pg/mL for IL-4.
Results
Surgical Characteristic and Postoperative Clinical Follow-up All 9 RYGB patients had an uncomplicated laparoscopic gastric bypass surgery with a mean preoperative BMI of 46.4 kg/m 2 . Mean BMI and excess weight loss at 12 months follow-up were 28.3 kg/m 2 and 81.63 %, respectively, which is equivalent to the general results after laparoscopic gastric bypass (Table 1) . Patients 5 and 9 had glucose intolerance/diabetes before surgery with the need for oral antidiabetic medication in patient 5. Both lost their glucose intolerance after RYGB surgery with normal HbA1c levels at the 12 months time-point.
At every medical consultation during the follow-up period, all patients were carefully interviewed regarding the intake of medication interfering with gastric digestive capacity, signs of allergic disorders and presence of digestive complaints. Patients 1, 2, 5 and 7 were under gastric acid suppression immediately following RYGB surgery for a period of 43, 42, 16 and 22 days, respectively. None of the patients reported any clinical symptoms that could be seen in association with either inhalant or food adverse type 1 reaction in the detailed interviews. Only patient 8 reported symptoms of food adverse reactions developed after gastric bypass surgery, without further specification which food compound might be the causative trigger. 
Gastric Bypass Surgery Increases Number of Positive SPTs to Food and Aeroallergens
The evaluation of skin prick test results in all patients participating in the study revealed increasing numbers of positive skin reactions indicating sensitisations towards the tested food compounds in 7 out of 9 patients (7/9) and towards aeroallergens in 8/9 patients, but not in the control patient (Tables 2 and 3 ). As sensitisation especially towards aeroallergens might be observed in connection with the pollen season, we also paid special attention to the time-point of operation with regards to the pollen season. In patients 1-4, surgery was performed during the blooming season of trees, whereas patients 6-8 and the control patient were included in our study during grass and weed pollen season. Only in patient 9, gastric bypass surgery was done after the pollen season (Table 1) . However, when taking into consideration a possible interaction between the observed skin test reactivity and the time-point of bariatric surgery, we could not determine any significant association for the 2 groups of patients. Despite the fact that there was a pronounced increase in positive skin prick test numbers, the results of the positive wheal-and-flare reactions were not fully consistent regarding the tested allergens within the single patients throughout the entire follow-up period of 12 months. Skin prick test results in the control patient did not reveal any increasing numbers of positive skin reactions towards food proteins or aeroallergens.
Increasing Titers of Specific IgE Antibodies are Detected in the Patient's Sera After Surgical Elimination of Gastric Digestion
To determine changes occurring after surgical intervention, increases of allergen-specific IgE antibody titers from before to after elimination of gastric digestion were calculated. After surgical elimination of gastric digestion, we determined increasing amounts of specific IgE antibodies in 7/9 patients towards food compounds and in 5/9 patients towards aeroallergens (Table 4) confirming the results from skin prick tests (SPTs).
Even though for some allergens a steady increase of allergen-specific IgE levels was observed, we also detected decreases of IgE levels during the follow-up period. Neither the increase nor the drop of IgE levels could be explained by pollen contact during the respective season, which in general could impact on food allergen-specific IgE levels due to crossreactive allergens.
No increased allergen-specific IgE levels were detected in serum samples of the control patient from before to after surgery (Table 4) .
Gastric Bypass Surgery Affects Th1 and Th2 Cytokines
With regards to cytokine levels, we measured very low amounts of the Th1 cytokine IFN-γ in serum samples taken during the follow-up visits. Additionally, titers were mostly below detection limits for the Th2 cytokine IL-4 ( Table 5 ). In 5/9 patients, we observed a slight increase of IFN-γ, mostly at the 1-or 3-month time-point of follow-up. The IFN-γ increase was most prominent in patient 8 1 month after RYGB surgery. For patients 7 and 9, a marginal decrease of IFN-γ was measured. Regarding IL-4, we observed a very slight increase in patient 8 with highest levels at the 1-month time-point; all other values remained below detection limit. Both IFN-γ and IL-4 levels remained below detection limits in serum samples of patients 3 and 5 as well as the control patient during the entire follow-up period (Table 5) .
Discussion
In 2008 and 2011, extensive investigations of bariatric surgery procedures and numbers were performed worldwide including all 50 nations or national subgroups affiliated to the International Federation for the Surgery of Obesity and Metabolic Disorders [19, 20] . These surveys revealed that the total number of bariatric surgery operations has marginally decreased between 2008 (344,221) and 2011 (340,768). In 2011, the most commonly performed operation was the RYGB (46.6 %), followed by sleeve gastrectomy accounting for a total number of 94,734 operations worldwide. Thus, without any doubt, any adverse effects associated with this surgical procedure affect an extensive number of patients worldwide. Out of the nearly 90 patients being subjected to RYGB operations during the period of patients' recruitment at our centre, we included 9 RYGB patients (approximately 10 %) in the present study. These patients were subjected to allergological evaluations during the year succeeding surgical intervention to analyse the association between surgical elimination of gastric digestion and sensitisation to allergenic proteins.
In the past, the impact of bariatric operations on weight loss and nutritional status of surgery patients has been repeatedly evaluated and has led to the recommendation of lifelong vitamin and mineral supplementation after all bariatric procedures [21] [22] [23] . Despite universal supplementation, the prevalence of nutritional deficiencies was found to be comparable between different types of bariatric procedures limiting the gastric and intestinal nutrient digestive and absorptive capacity, with 25-hydroxy vitamin D deficiency as the most common [24] . Our study population with a mean BMI reduction to 28.3 kg/m 2 and an excess weight loss of 81.63 % at the 12-month followup time-point was within the range of general results after laparoscopic gastric bypass.
As nutrient deficiencies might be associated with impaired immune responses [25] , the observed macronutrient and micronutrient deficiencies of post-bariatric patients were suggested to influence wound healing and immune function [26] . However, in context of bariatric surgery and chronically obese patients, not only nutritional deficiencies might influence the adequate immune response but also the adipose tissue itself. Obesity is considered as a chronic low-grade inflammation, evidenced by increased levels of systemic acute phase proteins and inflammatory markers such as IL-6, IL-1, IL-9, IL-10, IL-8 and RANTES [27, 28] . Morbid obesity was found to be associated with a continuous activation of the innate immune response, especially neutrophils [29] . Other studies revealed elevated counts of eosinophils and monocytes, but reduced numbers of monocyte and neutrophil CD62L in severely obese patients [30] . These deviated levels reversed rapidly by surgically induced weight loss; thus, gastric bypass surgery was termed an Bimmune restorative operation^ [30] . In line with this study, bariatric surgery was described to modify many immunological parameters and reverse obesity induced impairment of immune function [31, 32] . Inflammatory factors in patients' sera were found to follow a biphasic pattern in the postoperative phase, decreasing sharply 3 months after bariatric surgery. At 6 months, they were found to again raised to pre-surgical levels and then attenuate in an overall reduction at 12 months after surgical intervention [27] . In contrast to these data, in our cytokine determination, we observed a slight increase of IFN-γ at the 1-or 3-month time-point of followup. Regarding IL-4, a very slight increase was observed in 1 patient with highest levels 1 month after surgery. In our study population, we observed a marked increase of IgE antibodies specific for food as well as inhalant allergens after surgically induced weight loss. Of interest, animal experiments demonstrated an impairment of humoral immune response associated with decreased total body fat by partial lipectomy which was suggested to be due to the reduced energy available [33] . Additional to the elevated IgE levels, patients developed increasing numbers of positive SPT reactivities indicating sensitisation throughout the post-surgical follow-up period. Even though persistent vomiting is observed in post-bariatric patients [34] , the only connection between this type of surgical intervention and atopic disorders described in literature has been reported in regard to asthma. However, in asthma patients bariatric surgery was reported to ameliorate the clinical situation [35] . In our study population, the observed reactivity pattern towards food proteins might be seen in association with the gastric gatekeeping function against food allergens [17] . Impairment of gastric digestion was found to be associated with elevated risk for de novo sensitisation towards regular constituents of the daily diet [36, 37] . Nevertheless, these previous data do not provide an explanation for the observed increase of IgE and SPT reactivity towards inhalative allergens, as for these allergens the gastrointestinal route should not be decisive for sensitisation.
Conclusions
This study is the logical consequence of our previous investigations indicating that an impairment of the gastric digestive function either by medication or by surgical gastric elimination supports allergic sensitisations. We investigated the causative association between surgical elimination of gastric digestion and type 1 hypersensitivity reactions. We observed an increasing number of positive skin tests associated with elevated IgE levels towards both, food as well as aeroallergens. Even though the patients did not report clinical symptoms during the follow-up period, we observed sensitisation in over 70 % of the patients which represents a risk to experience adverse gastrointestinal or respiratory reactions upon encounter with the respective allergen.
This pioneer study, with a low number of surgery patients and limited comparability to the single control patient, may found the basis of more detailed studies, which are urgently needed. Based on our data, we conclude that bypassing the stomach by surgical intervention likely has impact on the immune function of the gut.
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